Earlier methods for the measurement of blood flow through the coronary arteries and myocardium caused much disturbance of the normal circulation, and it was not until the introduction of the nitrous oxide method (Eckenhoff et al., 1948 ) that a suitable technique became available for use in the intact animal, and in man. The use of saline solutions of 133Xenon for the measurement of myocardial blood flow has recently been described (Ross et al., 1964) , and has some advantages over the nitrous oxide method. The clearance of the isotope from the myocardium is measured with a precordial scintillation counter and, from this, myocardial blood flow may be obtained in ml./unit weight of muscle.
For each measurement a single injection of 133Xenon in solution is made into the coronary artery. This is carried to the heart and diffuses rapidly from the capillaries throughout its substance. Thereafter, arterial blood containing no 133Xenon removes the isotope from the tissues of the heart, and since it is highly diffusible, its rate of removal is determined by the capillary blood flow. Thus the clearance of 133Xenon from the heart is a direct method for measuring myocardial blood flow.
Although determination of both cardiac output and tissue blood flow depends on indicator dilution, there is a basic difference between the two methods. For the former the indicator remains in the vascular compartment, whereas measurement of myocardial blood flow requires the rapid diffusion of indicator throughout the tissue space and then its gradual removal by progressive re-equilibration with fresh capillary blood. Thus the rate of removal of 133Xenon from the heart, which is the essential measurement, is much slower than that of indicators restricted to the blood stream.
We have used this method to measure myocardial blood flow in dogs whose coronary circulation is undisturbed, together with the determination of cardiac output, arterial blood pressure, and coronary sinus blood oxygen content. We report our findings with glyceryl trinitrate on the normal heart.
Before dealing with the detailed mathematics, it is important to appreciate the following principles.
The method assumes that the isotope diffuses rapidly throughout the tissue supplied by the left coronary artery in concentrations determined by the partition coefficient (A) between myocardium and blood, (A = concentration Xe in myocardium\ concentration Xe in blood It is assumed that partition equilibrium occurs within the capillary transit time, that the detector over the heart gives a counting rate proportional to the radioactivity in the cardiac tissues, and that the arterial blood during the measurement contains no 133Xenon.
It is further assumed that we measure a single system in which capillary flow, at the time, is constant, that the indicator is removed only by the blood stream, and that changes in background radioactivity do not affect the measured clearance. Heparin, 5,000 units, was administered hourly. An electrocardiogram was recorded using needle electrodes; arterial pressure was measured through a polythene cannula introduced into the aorta through the right femoral artery using a Statham P23G Strain Gauge Transducer. Drugs were given through a catheter in the right femoral vein. Coomassie Blue Dye was delivered to the right atrium through a polythene catheter of known capacity via the left femoral vein. Blood for the dye curves was withdrawn from a short wide bore catheter introduced into the lower aorta through the left femoral artery (Fig. 1) .
Using an image intensifier, the coronary sinus was cannulated via the extemal jugular vein with a Cournand No. 5 catheter. This was positioned with its tip well inside the mouth of the coronary sinus, care being taken to avoid obstructing the vessel.
The left coronary artery was next cannulated under radiographic control with a Sones No. 8 catheter, via the left common carotid artery. In the dog, the left coronary artery is large and can be entered with relative ease. The tapered tip of the catheter was positioned just within the artery. At the end of the experiment, the catheter was withdrawn during the inscription of a 133Xenon wash-out curve. There was no discontinuity in the curve, confirming that the catheter had caused no obstruction to myocardial blood flow. Usually the cannulation of both coronary artery and sinus was completed within 10 minutes.
Radioxenon (133Xe) was obtained from the Radiochemical Centre, Amersham, in batches of 7-28 mC in saline solution. A dilution was made in normal saline, so that 1-2 ml. of solution injected into the coronary artery gave peak counting rates of 1000-3000/sec. Precordial radioactivity was detected by an ERD Mark II Universal Scintillation Counter, using a 2 in. crystal with wide angle collimation. The counter was centred over the heart using fluoroscopy and remained in the same position throughout. Wash-out curves were recorded using an Ekco Ratemeter operating with a 2-5 second time constant (1 sec. for rapid curves).
Background counts remained at the same low level in all satisfactory preparations, even after many measurements of myocardial blood flow.
Cardiac output was measured by the dye dilution technique. The dye was given as a single bolus into the right atrium, and arterial concentration was measured with a Waters cuvette. A six-point calibration curve was constructed at the start of the experiment and a further sample was withdrawn at the end of each cardiac output determination. It was thus possible to locate each dye curve with respect to the original cali- bration curve and to correct for any base-line drift. Samples were extracted by the method of Taylor and Shillingford (1959) . The number of dye curves performed in any experiment was limited to 8, and the amplifier gain and balance were unaltered throughout.
In preliminary experiments close correlation was " \~~~~~~~~~~~found with cardiac output determinations made by the Fick method.
The oxygen content of blood samples was measured 8
by the method of Roughton and Scholander (1943 group.bmj.com on September 10, 2017 -Published by http://heart.bmj.com/ Downloaded from after the start of drug injection. All blood samples were replaced by transfusion from a donor animal.
In a further study the effect of glyceryl trinitrate over a wide range of dosage was examined when the maximum fall in blood pressure had occurred. After control measurements, increasing doses of the drug were given by rapid intravenous injection (0075, 0-15, 03, and 0-6 mg.). Myocardial blood flow and cardiac output determination were repeated when the blood pressure reached its lowest value, 14 to 4 minutes after injection.
The next dose was given when blood pressure had retumed to control level.
RESULTS
Over-all results are expressed as percentage of control values. Absolute figures are obtained from the following formula, but again, the comparative results in this paper may be derived simply from the basic data. Controls. During the control period readings were stable, though levels varied from animal to animal depending to some extent on resting arterial blood pressure. Myocardial blood flow was 60-120 (mean 97) ml./min./100 g. Glyceryl Trinitrate. The pilot studies showed a biphasic response to the injection of glyceryl trinitrate, whether given quickly or slowly. An initial rise in flow is followed by a fall.
Results are shown in Fig. 3-6 , as percentage variation from control. Each comparison is represented by a bar showing the time over which the clearance was determined. Results from repeated experiments in several animals are shown in each figure.
When glyceryl trinitrate was given by a single rapid intravenous injection, there was only a brief rise in tissue flow (Fig. 3) . When the drug was given gradually over one minute the biphasic response was more obvious (Fig. 4) 
DISCUSSION
This study was planned to interfere as little as possible with the heart and circulation, and it was shown that myocardial blood flow was not affected by the method used to measure it.
Previous workers with glyceryl trinitrate have given the drug by single rapid intravenous injection, and when we did this, we found the initial increase in tissue flow to be very transient, and only detected where measurements were started immediately. It was our aim, however, to imitate the therapeutic use of the drug, and we therefore gave it over similar times to those required for sub-lingual uptake, using the intravenous route for convenience and accuracy in timing. When this was done, the biphasic effect of glyceryl trinitrate on myocardial blood flow was obvious, showing that the timing of measurements is particularly important in deciding the effects of this drug.
The normal heart responds to glyceryl trinitrate with a substantial rise in flow lasting a few minutes, and followed by a lesser but more prolonged reduction. The fluctuations in coronary vascular resistance (Fig. 7) suggest that the activity of the drug on the coronary vessels is brief, and restricted to the first phase. The (Brachfeld, Bozer, and Gorlin, 1959) found an increase in normal subjects. In a small number of patients with both normal and abnormal coronary arteriograms, Ross et al. (1964) found variable changes in myocardial blood flow after glyceryl trinitrate.
Our studies do not support the suggestion that the drug is of value because of reduction in cardiac rate of work. The over-all reduction in myocardial oxygen requirement and the initial rise in external cardiac efficiency appear more significant. The lack of correlation between cardiac rate of work and oxygen consumption is unfortunate for studies in man, as the former is easily measured, whereas the latter is very difficult to determine, involving measurement of both myocardial blood flow and the myocardial oxygen extraction fraction.
The results with glyceryl trinitrate show two effects of potential therapeutic value: an initial increase in blood flow through the myocardium, and a prolonged reduction in its need for oxygen. 
SUMMARY
The use of saline solutions of 133Xenon for the measurement of myocardial blood flow in intact dogs is described. Injection of glyceryl trinitrate, 0-01 mg./kg. body weight over 1 minute, caused an increase in flow up to 3 minutes, followed by a reduction in flow up to 10 minutes.
Measurements of myocardial blood flow, cardiac output, and myocardial oxygen extraction were made at standardized times after giving the drug. At j minute myocardial blood flow and left ventricular rate of work were both increased. Myocardial oxygen consumption was reduced and coronary sinus oxygen content rose by 4.4 vol. per cent. At 3 minutes the vasodilator effect was over. There was reduced myocardial blood flow and rate of work; myocardial oxygen consumption was reduced further. Measurements at 6 and 10 minutes differed from those at 3 minutes only in degree, with a gradual return to control values.
It is suggested that the beneficial effects ofglyceryl trinitrate are (1) initial increase in myocardial blood flow, (2) initial increase in external cardiac efficiency, and (3) prolonged reduction in oxygen consumption. These possibilities need to be studied in the ischemic heart.
